Abstract-The authors present a decentralized robust adaptive output feedback control scheme for a class of large-scale nonlinear systems of the output feedback canonical form with unmodeled dynamics. A modified dynamic signal is introduced for each subsystem to dominate the unmodeled dynamics and an adaptive nonlinear damping is used to counter the effects of the interconnections. It is shown that under certain assumptions, the proposed decentralized adaptive control scheme guarantees that all the signals in the closed-loop system are bounded in the presence of unmodeled dynamics, high-order interconnections and bounded disturbances. Furthermore, by choosing the design constants appropriately, the tracking error can be made arbitrarily small regardless of the interconnections, disturbances, and unmodeled dynamics in the system. An illustration example demonstrates the effectiveness of the proposed scheme.
I. INTRODUCTION
Much progress has been made in the field of decentralized adaptive control, see e.g., [1] - [8] , [18] , [19] , and the references therein. Particularly, a decentralized adaptive output control scheme was presented in [8] for a class of large-scale nonlinear systems that are transformable via a global diffeomorphism into the output feedback canonical form. The scheme guarantees global uniform boundedness of the tracking error and all the states of the closed-loop system in the presence of parametric and dynamic uncertainties in the interconnections and bounded disturbances. However, the scheme cannot apply to the systems with unmodeled dynamics. The work in [18] presented a decentralized adaptive output feedback control scheme for large-scale systems with nonlinear interconnections. The scheme of [18] has several advantages: 1) it achieves asymptotic tracking; 2) the considered large-scale systems may possess an unknown, nonzero equilibrium. But, the scheme cannot apply to the systems with unmodeled dynamics and disturbances.
On the other hand, the robust adaptive control of nonlinear systems has emerged as an active research area recently, e.g., [10] - [13] . Especially, the problem of robust adaptive control of nonlinear systems with unmodeled dynamics was studied in [13] . Based on the concept of input-to-state practical stability, a dynamic signal was introduced in [13] to dominate the unmodeled dynamics. It has been shown that such a signal is a useful tool for handling unmodeled dynamics. Using a combined backstepping and small-gain approach, paper [20] presented an adaptive output feedback control scheme for nonlinear systems with unmodeled dynamics. As an extension of the centralized case in [20] , a decentralized robust adaptive output feedback regulation scheme was presented for a class of large-scale nonlinear systems in [19] .
It should be pointed out that the class of large-scale nonlinear systems considered in [19] is broader than the class of nonlinear systems with polynomial bounds as in [7] , [8] , [16] and [15] , in the sense that the interconnections are subject to general nonlinear bounds. Although, [17] studies a different problem-decentralized H 1 almost disturbance decoupling for a class of large-scale nonlinear systems, it Y. Liu is with the Department of Automation, Sichuan University, Chengdu, Sichuan 610065, P. R. China (e-mail: yushengliu66@mail.china.com).
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is also assumed that the uncertain interconnections are bounded by general nonlinear functions. Theoretically, to consider a broader class of nonlinear systems is important, but some other issues such as controller design and practical problems must be considered. With the general nonlinear bounds, the design of the controllers depends on a qualitative approach (as in [19] and [20] ). For large-scale nonlinear systems with many decentralized controllers, it is difficult to choose so many design parameters and functions by qualitative approach. Furthermore, with the general nonlinear bounds, the design of the ith decentralized controller is related to that of the rest decentralized controllers (see [19, (25) and (10)]). This implies that redesigns of controllers are needed when subsystems are appended to original system or taken offline (e.g., during faults in a power system), which is neither economical nor feasible for the control of large-scale systems. Besides, many practical nonlinear interconnected systems do have some uncertainties and interconnections subject to polynomial bounds, e.g., robot manipulators with the presence of Coriolis and centripetal terms have uncertainties bounded by second-order polynomials [16] and the electric power deviations between subsystems are bounded by first order polynomials [21] . Therefore, for the practical purpose and the above reasons, we still consider the case where uncertainties and interconnections are subject to polynomial bounds in this work. As in [8] , with our approach, no controller redesign is needed if subsystems are added online or taken offline as long as the order of the interconnections of the appended system is less or equal to that of the original system. This work presents a decentralized robust adaptive control scheme for large-scale nonlinear systems of the output feedback canonical form with unmodeled dynamics. First, in each subsystem, a modified dynamic signal is introduced to dominate the unmodeled dynamics and a nonlinear adaptive damping is used to counter the effects of the interconnections. Then, we employ the systematic design procedure to obtain the decentralized robust adaptive output feedback controllers. It is shown that under certain assumptions, the proposed decentralized adaptive control scheme guarantees that all the signals in the closed-loop system are bounded in the presence of unmodeled dynamics, high order interconnections and bounded disturbances. Furthermore, the tracking error can be made arbitrarily small by choosing the design constants appropriately.
II. PROBLEM STATEMENT
Consider a large-scale nonlinear system of the output feedback canonical form with unmodeled dynamics given by the following equations: 
where & k ijl , # k ijl , ijk and ' ijk are unknown constants, p = maxfpij; 1 i N; 1 j kig is known. To highlight the main idea of this work, it is assumed that the parameters b ij , 1 i N, 0 j k i 0 i , are also known. As indicated in [8] , the case of unknown bij can be treated identically.
The objective here is to design a decentralized robust adaptive output controller for each subsystem such that the output y i (t) tracks a given reference signal yi;r(t) and all the signals of the closed-loop system are bounded in the presence of unmodeled dynamics, high order interconnections and bounded disturbances. We need the following assumptions.
Assumption 1: The zero dynamics of system (1) is strict Hurwitz.
Assumption 2: i (y i ) 6 = 0; 8t 0.
Assumption 3:
The reference signal yi;r(t) is bounded with bounded derivatives up to the i th order and y ( ) i;r (t) is piecewise continuous.
Assumption 4:
The unmodeled dynamics is exponentially input-tostate practically stable (exp-ISpS) [13] ; i.e., the system _ i = q i ( i ; y i ) has an exp-ISpS Lyapunov function V i ( i ) which satisfies 
To estimate the states of the system, we use the following observer for the ith subsystem:
Let ei = zi 0ẑi. In this work, we introduce the following modified dynamic signal in the design of decentralized robust adaptive feedback controllers: (11) where D i = (t 0 ; t) = 0, 8t t 0 + T 0 i . Next, we employ the systematic design procedure of [9] , [14] , and [8] to obtain the decentralized robust adaptive feedback controllers. To reduce notational complexity, as in [8] , we assume that all subsystems have a uniform relative degree, i.e., i = , 1 i N. However, it can be treated similarly without any difficulties when the subsystems have different relative degrees.
Step 0: Define i1 = z i1 0 y i;r ; 
We propose the following virtual decentralized control law for (13): 
where i1 > 0 is a design constant and i is an adaptive gain used to counter the effects of the interconnections between subsystems. We present the following adaptive law for i :
where 0 i > 0, i > 0 are design constants. 
where 3 i is the desired value ofi. Differentiating V0 along the solutions of (14), (16) . and (18) yields (20), as shown at the bottom of the page, where
Differentiating (17) gives (21), shown at the bottom of the next page.
Step m (1 m 0 
Choose the composite Lyapunov function candidate as follows:
Then, (27), shown at the bottom of the page, holds.
Step 0 1: (1), (7), (10) , and (16) (17) . Thus, by using (22) iteratively, the boundedness ofẑi;m+1; 1 m 0 1, is followed from the boundedness of yi;ẑi1; . . . ;ẑi;m;i; ri; yi;r; . . . ; y (m) i;r .
Consequently, z i1 ; . . . ; z i; are bounded since e i is bounded. In addition, since y i is bounded and, according to Assumption 4), the unmodeled dynamics _ i = qi(i; yi) is exp-ISpS, i is bounded. Next, we prove that z i;+1 ; . . . ; z i;k are bounded. Let 
Since ij(y1; . . . ; yN), ij(y1; . . . ; yN), 1ij(i; yi), zi; and !(t)
are bounded and, according to Assumption 1), the zero dynamics of system (1) is exponentially stable, it follows from (42) and (43) that wi;+1; . . . ; w i;k are bounded. Thus, from (41), zi;+1; . . . ; z i;k are bounded. Hence,ẑ i;+1 ; . . . ;ẑ i;k are bounded since e i is bounded. The boundedness of u i is established by the fact thatẑ i;+1 is bounded and b i;k 0 i(yi) is bounded away from zero. Therefore, all the signals in the closed-loop system consisting of (1), (7), (10), and (16) are bounded.
Furthermore, it can be seen from (37)- (40) that reducing i and increasing ij (j = 0; 1; . . . ; ) and 0 i will reduce the residual error bound 01 S. This implies that by choosing the design constants i , ij(j = 0; 1; . . . ; ) and 0i appropriately, the tracking error can be made arbitrarily small. This completes the proof of Theorem 3.1.
From the above design procedure and Theorem 3.1, we can see easily that the proposed decentralized adaptive control scheme requires adaptation of only one scalar parameter for each subsystem and no controller redesign is needed if subsystems are added online or taken offline as long as the order of the interconnections of the appended system is less or equal to that of the original system.
IV. AN ILLUSTRATION EXAMPLE
Consider an interconnected nonlinear system consisting of two subsystems where i; i = 1; 2 is the unmeasurable and unmodeled dynamics, !(t) = sin 2 
sin(t):
The objective is to design a decentralized robust adaptive output controller for each subsystem such that y 1 tracks y 1;r = sin(2t) and y 2 tracks y 2;r = cos(2t) and all the signals in the closed-loop system are bounded.
In the design of the controllers, we assume that ij (y 1 ; y 2 ), ij (y 1 ; y 2 ), 1 ij ( i ; y i )(i; j = 1; 2) are unknown, but the upper bound of their orders is known, i.e., p = 2. The relative degrees of the tow subsystems are 1 = 2 = = 2. With the following choice of the initial conditions and design constants: we performed the simulation using MATLAB and obtained the results shown in Fig. 1 . It can be seen from Fig. 1 that the decentralized controllers are robust to the unmodeled dynamics, bounded disturbances and high order interconnections with good tracking performance. With the same initial conditions as in (45), we chose the design constants as follows: 0 1 =100; 1 = 0:001; 11 = 100; 12 = 100; 0 2 = 100 2 =0:001; 21 = 100; 22 = 100 (46) and obtained the simulation results shown in Fig. 2 . The tracking errors 11 ; 21 in Fig. 2(a) and (b) are much smaller than those in Fig. 1(a) and (b). This demonstrates that by choosing the design constants i , ij and 0i appropriately, the tracking errors can be made arbitrarily small.
Finally, to compare the decentralized robust adaptive output control scheme presented in this work with that in [8] , we applied the decentralized adaptive output control scheme presented in [8] to system (44) with the following initial conditions and design constants (using the The simulation results are shown in Fig. 3 , from which we can see that the tracking errors are unbounded and the decentralized adaptive output control scheme presented in [8] is not robust to unmodeled dynamics.
V. CONCLUSION
A new decentralized robust adaptive control scheme is presented for a class of large-scale nonlinear systems of the output feedback canonical form. The scheme can be used in the systems with unmodeled dynamics, high order interconnections and bounded disturbances. Under certain assumptions, it is shown that the scheme guarantees that all the signals in the closed-loop system are bounded. By choosing the design constants appropriately, the tracking error can be made arbitrarily small regardless of the interconnections, disturbances and unmodeled dynamics in the system. As an extension of the work in [8] to the case of unmodeled dynamics, the proposed decentralized adaptive control scheme of this work retains all the advantages of the scheme in [8] . The effectiveness of the proposed scheme is demonstrated by simulation results.
It should be pointed out that the unmodeled dynamics described in this work do not depend on the outputs of other subsystems. For the more general case where the unmodeled dynamics depends on the outputs of other subsystems, how to generate decentralized dynamic signals to dominate the unmodeled dynamics is a subject for further research.
